Background. Recently, we showed that the 37-kDa/67-kDa laminin receptor (LRP/LR) acts as the receptor of the cellular prion protein.
sylphosphatidyl inositol [9] . We have shown that PrP c binds to its cell surface receptor, the 37-kDa/67-kDa laminin receptor (LRP/LR ["LRP" denotes the 37-kDa laminin receptor precursor, and "LR" denotes the 67-kDa high-affinity laminin receptor]) [10] in a process that involves heparan sulfate proteoglycans (HSPGs) as cofactors/coreceptors [11] . Internalization of PrP c is dependent on the 37-kDa/67-kDa LRP/LR [10] and is thought to involve clathrin-coated pits [12] or caveolaelike domains [13] . Recently, it was suggested that PrP c passes lipid raft domains during internalization to enter nonraft membranes, from which it enters clathrincoated pits [14] . The importance of the octarepeat region for PrP c internalization was confirmed by the findings that copper ions-which bind specifically to PrP c [15] -trigger PrP c internalization, that the deletion of octarepeats abolish PrP c endocytosis [16] , and that the internalization rate of PrP c critically depends on the unstructured N-terminal arm of the molecule [17] . The octarepeat region represents an indirect binding domain for LRP/LR via HSPGs [11] . Recently, we showed that propagation of the scrapie form of the prion protein, PrP Sc , in cultured neuronal cells is dependent on the 37-kDa/67-kDa LRP/LR [18] and that secretion of the transdominant-negative decoy mutant LRP102-295:: FLAG impairs PrP Sc propagation [19] . To investigate whether PrP Sc binding is dependent on LRP/LR and/or on PrP c , we performed PrP27-30-binding studies on baby hamster kidney (BHK) cells, which lack any detectable levels of PrP c and harbor low levels of LRP, transfected with recombinant Semliki Forest virus (SFV) RNAs expressing murine (mo) LRP and moPrP c (for review regarding the SFV system, see [20, 21] ). Pentosan polysulfate (SP54) interferes with PrP Sc propagation in cultured cells [22] , prolongs survival times in rodents [23] [24] [25] , and has been shown to totally protect VM and CBA mouse strains from 22A and ME7 prions, respectively [24] . Heparan sulfate mimetics (HMs)-which represent dextran-based molecules chemically substituted with defined amounts of carboxymethyl, hydrophobic benzylamide, and sulfated groups-inhibit PrP Sc synthesis in infected neuronal cells [26, 27] and impair the endocytosis of prion rods [27] . Because the molecular mechanism of PrP Sc interference with both types of polysulfated glycans is unknown, we investigated whether these molecules are able to interfere with PrP Sc binding to LRP-expressing BHK cells.
MATERIALS AND METHODS
Recombinant pSFV plasmid constructions. For pSFV1-moPrP construction, the murine Prn-p gene (1-254 aa) was amplified by polymerase chain reaction (PCR) with the use of 5 and 3 primers introducing BamHI restriction sites (5 and 3 ) and a Kozak sequence between the 5 BamHI site and the ATG initiation codon. MoPrn-p cDNA was cloned into the BamHI restriction site of pSFV1 [20] , resulting in pSFV1-moPrP. For pSFV1-moLRP-FLAG construction, the moLRP-encoding cDNA was amplified by PCR with the use of a 5 primer introducing a BamHI restriction site and a Kozak sequence between BamHI and the ATG initiation codon, as well as a 3 primer introducing a FLAG tag (DYKDDDDK) 3 to the termination codon and a SmaI restriction site. The moLRP-FLAG cassette was cloned into pSFV1 via BamHI (5 ) and SmaI (3 ), resulting in pSFV1-moLRP-FLAG. All constructs were confirmed by dideoxysequencing. Tissue cultures of BHK cells. BHK cells were grown in Dulbecco's MEM (with glutamate, without CaCl 2 and MgCl 2 , and supplemented with 10% fetal calf serum, 100 mg/mL penicillin, 100 mg/mL streptomycin, and 1ϫ nonessential amino acids) at 37ЊC in 5% CO 2 . [4] [5] [6] or cotransfected with recombinant (rec.) SFV RNAs encoding moLRP: :FLAG and moPrP (A, lanes [11] [12] [13] . Cells were incubated overnight at 37؇C, were washed, and were lysed. Proteins from cell lysates were precipitated, were digested with PK (for moPrP27-30 detection), and were analyzed by Western blotting. Externally added moPrP27-30 was detected with the polyclonal antibody (pAb) A7 (upper panels), moLRP::FLAG was detected with pAb W3 (middle panel ), and moPrP was detected with the monoclonal antibody 3B5 (lower panels). pAb A7 detects unspecific bands 130 kDa. 
In vitro transcription and cell transfections.
DNAs pSFV3-lacZ (Life Technologies), pSFV1, pSFV1-moLRP-FLAG, and pSFV1-moPrP1-254 were linearized with SpeI after purification by phenol-chloroform extraction. Transcriptions were performed as described elsewhere [28] . The correct length of the transcripts was verified by agarose gel electrophoresis. RNA was stored at Ϫ20ЊC. Transfections of BHK cells with recombinant SFV1 RNA, SFV1-moLRP-FLAG RNA, and SFV1-moPrP RNA were performed by electroporation, as described elsewhere [28] . Transfection efficiencies-as determined by transfecting SFV3-lacZ control RNA followed by X-gal staining-were 90%-100%.
Preincubation with antibody W3, SP54, phycarin sulfate, and HMs. For competition studies, BHK cells were preincubated with rabbit preimmuneserum (diluted 1:10), anti-LRP/LR antibody W3 (180 mg/mL), SP54 (10, 100, or 150 mg/ mL), phycarin sulfate (PS3) (10 or 100 mg/mL), and 100 mg/ mL of HM5004, HM2602, or carboxymethylated dextran (CMD) 1 or 2 h before inoculation with moPrP27-30. Preparation of HM5004 and HM2602 are described elsewhere [26] . PS3 is a semisynthetic b-1,3-glucan sulfate [29] . CMD was used as a negative control without any anti-prion activity.
Preparation of moPrP27-30 and binding assays with moPrP27-30. The 27-30 kDa isoform of the proteinase K (PK)-resistant moPrP27-30 was isolated from scrapie (C506M3)-infected mouse brain homogenates (20% in 10% glucose), in accordance with methods reported elsewhere [30] , and was used for the binding assays. PK digestion was done at 50 mg/mL for 30 min at 37ЊC. Transfected BHK cells were incubated, 24 h after transfection, with 20-200 ng/mL of purified moPrP27-30 for an additional 16 h. Cells were then prepared for immunofluorescence analysis or Western blotting. Determination of the dissociation constant (K D ) (Prism3) was performed as described elsewhere [10] .
Preparation of BHK cells for Western blotting. After lysis of BHK cells with lysis buffer (10 mmol/L Tris/HCl [pH 7.5], 100 mmol/L NaCl, 10 mmol/L EDTA, 0.5% Nonidet P-40, and 0.5% desoxycholate), protein was precipitated by methanol/ chloroform. After the precipitate was resuspended and sonified in 50 mmol/L Hepes buffer, half of the sample was digested with PK (50 mg/mL for 30 min at 37ЊC) for moPrP27-30 detection. Nondigested samples were used for controls of moLRP levels. Samples were analyzed by Western blotting. Sc from scrapie-infected mouse brain homogenates was digested with proteinase K (PK), followed by purification and sonification steps, and was added to BHK cells transfected with SFV1-moLRP-FLAG RNA (A, lanes [1] [2] [3] [4] [5] [6] . Cells were incubated overnight at 37؇C, were washed, and were lysed. Proteins from cell lysates were precipitated, were digested with PK (for moPrP27-30 detection), and were analyzed by Western blotting. Externally added moPrP27-30 was detected with the polyclonal antibody Western blotting and immunofluorescence analysis. Samples were analyzed by 12% SDS-PAGE. For the detection of moPrP27-30, polyclonal anti-PrP antibody A7 (1:2500) was used. Endogenous and recombinant FLAG-tagged LRP were detected with anti-LRP/LR antibody W3 (1:5000), and moLRP:: FLAG was detected with anti-FLAG M2 antibody (1:5000; Sigma). For moPrP detection, anti-PrP antibody 3B5 (1:5000) was used. Immunofluorescence analysis was performed as described elsewhere [28] . Immunostaining was performed with the primary polyclonal antibodies W3 (for LRP/LR) and A7 (for PrP) and with secondary antibodies labeled with Cy2 (for LRP/LR) and Cy3 (for PrP). Nuclei were stained with 4 ,6-diamidino-2-phenylindole hydrochloride (DAPI).
Quantification of Western-blot signals. Quantifications of the Western-blot signals were performed by densitometric measurements, with the use of Image software (version 1.36 for Mac OS X). The optical density (pixels) for the binding of PrP27-30 to cells in the absence of polysulfated glycans was set at 100%, to illustrate the effect of polysulfated glycans at different concentrations. The results of individual experiments were calculated and were expressed as a percentage of control levels (‫ע‬SE). figure 2A [lanes 2-4] ) is independent of (1) LRP, given that the LRP-specific antibody W3 fails to compete for the binding ( figure 2A [upper panel, lane 5] ), and (2) PrP c , given that no endogenous PrP c was detectable in these cells ( figure 2B [lanes 1-3]) .
RESULTS

Increased
Interference of SP54 with the moPrP27-30 binding to LRP/ LR-expressing BHK cells. SP54 ( figure 4C ) was able to protect VM and CBA mouse strains from 22A and ME7 prions, respectively [24] . Hyperexpression of LRP::FLAG (figure 4A [26, 27] . HM5004 and HM2602 reduced PrP27-30 binding to ∼30% and ∼20%, respectively, at concentrations of 10 mg/mL (figure 5B). In comparison with blotting (A, top) and densitometrically analyzed using Image software (version 1.36 for Mac OS X). The optical density (pixels) for the binding of PrP27-30 to CMD-treated SFV1-moLRP-transfected BHK cells was set to 100%, to illustrate the effect of polysulfated glycans at different concentrations. The results of 3 individual experiments are shown and are expressed as a percentage of control levels (‫ע‬SE). C, Structure of chemically synthesized HMs, consisting of a dextran polymer backbone with substitutions (R) of defined amounts of carboxymethyl (CM), hydrophobic benzylamide (Bn), and sulfonate groups (S). Anti-prion active HM5004: 30% CM and 130% S; HM2602: 88% CM, 66% S, and 20% Bn [26, 27] . 4D, 5A [lanes 3 and 4] , and 5B) and SP54 (figures 4C, 5A [lanes 1 and 2], and 5B), which both reduced PrP27-30 binding to ∼40% at a concentration of 100 mg/mL, both HM5004 and HM2602 were more efficient, with respect to blocking the PrP27-30 binding to LRP-expressing BHK cells at a 10-fold lower concentration (figure 5B).
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DISCUSSION
PrP
c , the cellular form of the prion protein, is required for the propagation of PrP Sc , the scrapie form of the prion protein, in animals [31] . Knockdown of PrP c in cultured cells by an siRNA approach also resulted in the depletion of PrP Sc , which confirms the necessity of PrP c for PrP Sc propagation [32] . Knockdown of the 37-kDa/67-kDa LRP/LR in cultured neuronal cells also huPrP to huLRP::FLAG and to huPrP-coexpressing BHK cells [10] and has been explained by the ability of endogenous PrP to hamper the binding of exogenous PrP by recruiting LRP/ LR molecules for its own metabolism [10] . We suppose that the same effect is responsible for the reduced binding of PrP27-30 to moPrP/moLRP::FLAG-coexpressing BHK cells.
Our finding that LRP/LR acts as a receptor for PrP27-30 preparations purified from scrapie-infected mouse brains was confirmed by a simultaneous study showing that bovine prions are endocytosed by human enterocytes via the 37-kDa/67-kDa LRP/LR [35] . Taken together, both studies demonstrate that 37-kDa/67-kDa LRP/LR acts as a receptor for the binding and internalization of infectious prions.
Very recently, it was suggested that heparan sulfate represents a cellular receptor for PrP27-30 [33] and that GAGs contribute to PrP Sc binding [34] . figure 6 ).
Hence, we tested whether competitors of the natural heparan sulfates are able to interfere with PrP27-30 binding to the cell surface. SP54 and HMs both belong to the group of sulfated polysaccharides. Both have prophylactic potential in transmissible spongiform encephalopathies: whereas SP54 was shown to efficiently cure VM and CBA mice from 22A and ME7 prions, respectively [24] , HMs inhibit PrP Sc synthesis and prion rod endocytosis, and HM2602 prolongs the survival time of PrP Sc -infected hamsters [27, 36] . Because SP54 and HMs belong to the same group of polyanions as HSPGs, which we identified as cofactors/coreceptors for PrP [11] , we investigated whether SP54, PS3, and HMs might be able to interfere with the PrP27-30 binding process. SP54 and PS3 reduced PrP27-30 binding to ∼40% at concentrations of 100 mg/mL, whereas HM5004 and HM2602 reduced PrP27-30 binding to LRP::FLAG-expressing BHK cells to ∼30% and ∼20%, respectively, at concentrations of 10 mg/mL. The HM2602 was also the most potent HM with respect to the impediment of PrP Sc formation in vivo and prolongation of the survival time in PrP Sc -infected hamsters [27, 36] . The molecular mechanism of interference with PrP Sc propagation of these sulfated polysaccharides has been speculative so far. It was suggested that the HM molecules might act by directly interfering with the PrP c /PrP Sc conversion process [27] . One of the mechanisms suggested claims that the HM molecules interfere with an as-yet-uncharacterized role of cellular heparan sulfates in the biogenesis of prions [27] . One of these heparan sulfate functions was very recently reported to be a cellular receptor for PrP27-30 [33] . PrP c interacts with cellular HSPGs directly via its heparan sulfate-binding domains [11] or indirectly through the 37-kDa/67-kDa LRP/LR [10] . By mimicking specific domains of heparan sulfates, the anti-prion HM molecules might compete with these interactions with great structural specificity (figure 6). The inhibitory effect of polyanionic glycans, such as SP54 and dextran sulfate, on the production of PrP Sc in cultured cells was explained with a possible alteration of the cellular localization of the PrP c precursor [22] . We can exclude a contribution of PrP c on the inhibitory effect of polysulfated glycans in our cell system, which lacks any detectable levels of endogenous PrP c . Our finding that HM2602 interferes highly efficiently with the PrP27-30 binding ( figure  6 ) is in good harmony with the ability of HM2602 to (1) inhibit PrPres accumulation in the spleen of scrapie-infected mice and (2) prolong the survival times in scrapie-infected hamsters. Sulfated glycans such as HM2602 are promising tools in therapy of transmissible spongiform encephalopathies.
